Given the role of cell to cell contact in maintaining GNP populations, we have examined whether Notch signaling in the EGL influences the differentiation or proliferation of GNPs. Mouse Notch2 is temporally expressed in proliferating GNPs prior to differentiation and migration. These studies show that overexpression of constitutively active Notch2 or the HES1 transcription repressor inhibits GNP differentiation in vitro and in cerebellar slice cultures, as evidenced by the failure to extend neurites or express early differentiation markers. Activation of Notch2 by the addition of its ligand Jagged1 protein leads to an increase in GNP proliferation. In addition, a subpopulation of GNPs responds directly to overexpression of Notch2 ICD or HES1 by remaining in the proliferative state. Treatment of granule cell cultures with Jagged1 or Shh proteins leads to the activation of HES1 mRNA, and the HES1 promoter is transactivated by both Notch2 ICD and Shh overexpression in a heterologous system. Thus, HES1 may represent a point of crosstalk between the Notch2 and Shh signaling cascades.
Results
During early postnatal development, cerebellar GNPs undergo massive proliferation in the EGL to expand this population into a layer of cells six to eight cells thick at postnatal day 6 (P6). After P6, GNPs progressively exit the cell cycle, differentiate, and migrate to their final destination, the internal granule layer. The mechanisms regulating the timing of the cell cycle exit and differentiation of GNPs remain poorly understood. The Notch signaling cascade has been shown to be an important determinant regulating the balance between the precursor and differentiated states in numerous lineages. Therefore, we examined the role of Notch function in the process of GNP differentiation. degree of AP-positive neurite extension (see Figure 3A) . In contrast, the halo of neurites surrounding reaggreAt P10, when a significant number of granule neurons had completed differentiation, much less Notch2 exgates overexpressing the Notch2 ICD possessed a significant reduction in the number of AP-positive neurites, pression was detected in the cerebellum ( Figure 2D ). At P20 and in adult cerebellum, Notch2 expression is not indicating that overexpression of the Notch2 ICD interferes with the ability of GNPs to differentiate and extend observable in the cerebellum, a result consistent with the lack of undifferentiated GNPs at these ages (data neurites ( Figure 3B ). Next, we examined an early marker of differentiation, not shown). Thus, the expression of the Notch2 receptor is temporally regulated during the histogenesis of cere-TAG-1, to determine the point at which development the Notch2 ICD overexpressing cells arrested. In these bellar development. Specifically, Notch2 is expressed in the GNPs of the EGL, marking a stage of granule experiments, GNPs were infected with a recombinant retrovirus containing the ICD of mouse Notch2 and neuron development prior to the commitment of GNPs to entry into the differentiation program. of the pia, respectively) (see Figure 6E ). This increase in cells near the pial surface correlated with a reduction A retroviral expression construct was also generated for HES5, the other Hairy and Enhancer of Split homolog in cells that had migrated into deeper regions of the slice cultures (31% Ϯ 4% and 24% Ϯ 3.9% within 41ϩ expressed in postnatal granule cells. The results of our initial overexpression studies suggested that HES5 did m of the pia, respectively). Therefore, cells that overexpress Notch2 ICD or HES1 did not undergo neurite not to block the neurite extension of GNPs (data not shown); therefore, we have not further investigated the extension or inward migration in situ. role of HES5 in GNP differentiation. In summary, overexpression of the Notch2 ICD and the HES1 transcripActivation of Notch2 Signaling Leads to the tional repressor inhibits the onset of neurite extension Maintenance of GNP Proliferation and TAG-1 expression and suggests that Notch2 signalTo test whether activation of Notch signaling prevents ing may regulate the differentiation of GNPs.
Notch Pathway Genes Are Expressed in Granule Cells
the early steps of differentiation by maintaining proliferation, we incubated purified postnatal granule cell cultures in the presence or absence of soluble Jagged1 Overexpression of Notch2 ICD and HES1 In Situ Inhibits GNP Differentiation protein, a ligand for Notch receptors.
3
H-thymidine was added to the cultures at 48 hr, and incorporation was Our analysis of Notch2 and HES1 function suggests that these molecules may be involved in regulating the measured to examine GNP proliferation. Cultures treated with 100 nM Jagged1 incorporated 3 H-thymidine at levdifferentiation of GNPs. In order to investigate further the roles of Notch2 and HES1, we examined their effects els 4-fold higher than control cultures, indicating that Jagged1 protein is mitogenic for GNPs ( Figure 7A ). We on GNP differentiation using organotypic cerebellar slice cultures. Because ecotropic retroviruses infect proliferalso compared the 3 H-thymidine incorporation elicited 3 H-thymidine was added to the cultures at 48 hr, and incorporation was measured to examine GNP proliferation. Jagged1 stimulates 3 H-thymidine incorporation at levels comparable to Shh, indicating that Jagged1 is a mitogen for GNPs. (B) Organotypic slices cultures prepared from the cerebella of P6 mice were infected with the control, Notch2 ICD, or HES1 retroviruses and were incubated for 30 hr. BrDU was added to the culture and incubated for an additional 8-10 hr to label mitotically active granule neurons. 
The degree of BrDU incorporation of virally infected cells was then determined by confocal microscopy and was quantitated by the counting of at least 50-100 infected cells per experiment (n ϭ 4). Differentiated GNPs infected with the control retrovirus (each infected cell is marked by arrowheads) exhibit few BrDU-labeled nuclei. Three cells overexpressing the

Signals that Enhance GNP Proliferation Result in
A HES1 promoter firefly luciferase reporter plasmid was cotransfected into C3H10 T1/2 mouse fibroblasts with Upregulation of HES1 Expression As an effector of Notch signaling, HES1 may play a expression vectors harboring either the full-length Shh or Notch2 ICD cDNAs. Cotransfection of 125 ng of Shh significant role in regulating the differentiation of GNPs. Our overexpression experiments indicate that HES1 inexpression vector led to a 28-fold activation of the HES1 promoter compared with basal reporter activity of the hibits neurite extension and the onset of TAG-1 expression. The results of our BrDU-labeling assays suggest HES1 promoter in cells transfected with empty pcDNA3 vector alone (n ϭ 3) (see Figure 8B) . Cotransfection of that the regulation of HES1 expression may be a key step in determining the proliferative status of GNPs. 60 ng of the Notch2 ICD expression vector led to 82-fold activation of HES1 promoter activity, three times Therefore, we examined whether treating granule cell cultures with mitogens Jagged1 or Shh influenced the higher than the maximal level observed for Shh. These results indicate that the HES-1 promoter used in these levels of HES1 expression. The level of HES1 specific product was elevated in cultures treated with Notch studies harbors cis-acting elements that render it responsive to both the Shh and Notch2 signals, although ligand Jagged1 and in cultures treated with 100 nM Shh (see Figure 8A) . transactivation by constitutively active Notch2 ICD is more potent. Taken together, these results suggest that The enhancement of HES1 mRNA in granule cell cultures treated with Jagged1 and Shh protein suggests HES1 is a transcriptional target of both Shh and Notch2 signaling pathways. that HES1 is a transcriptional target of the Notch and Shh signaling cascades. To test this hypothesis, we performed transactivation assays using a transient Discussion transfection assay in a heterologous system using a HES1 reporter construct. ation and differentiation of GNPs in the EGL.
Experimental Procedures
Retrovirus Production Recombinant ecotropic replication-incompetent retroviruses were RT-PCR produced as previously described (Tomoda et al., 1999). Briefly, 293 RT-PCR was done essentially as described (Wilson and Hemmaticells were cotransfected with a retroviral construct and pCL-Eco, Brivanlou, 1995). Briefly, total RNA was isolated from P5, P6, and an ecotropic packaging construct (IMGEN) (Naviaux et al., 1996). P7 murine cerebellum or cultured granule neurons, and an equal Twenty-four-hour posttransfection media were replaced with granamount of RNA was reverse transcribed using the Thermoscript RTule cell medium (Hatten, 1985) , and the culture supernatant con-PCR system (GIBCO BRL, Grand Island, NY). Equal amounts of taining the retroviruses was harvested 24 and 48 hr later and filtered first strand cDNA were then amplified using primers specific for though a 0.45 m pore. Virus was titered by infecting primary granule mNotch1: Ntc1 5Ј, AGGTGGATGCAGGCAATAAGG; Ntc1 3Ј, CAGT neurons and observing the amounts of infected cells. The amounts GAAGAGGTGGCCCAACCC; mNotch2: Ntc2 5Ј, GGCCCCTTGCCC of cell culture supernatant used for subsequent infections were then TCTATGTAC; Ntc2 3Ј, CCCGCTGACCGCCTCCACCA; mDelta-like adjusted to achieve roughly equal levels of infected cells. 1: Dl1 5Ј, TACACCTGCCATTGCCCCTTG; Dl1 3Ј, GTTCAGGTGGAG GCTGGTGTTTCTGTA; mDelta-like 3: Dl3 5Ј, AACTGAGGAGAG Preparation and Culture of Postnatal Granule Cells AAGCAGTGG; Dl3 5Ј, AGTCTTAGCTGTTTAGGAC; mJagged1: Jag1
Granule cells were prepared as described (Hatten, 1985) . Briefly, 5Ј, TGCTTGGTGACAGCCTTCTACTGG; Jag1 3Ј, CTCTGGGCACTT cerebella were dissected away from the brains of P6 mice. After TCCAAGTC; mJagged2: Jag2 5Ј, CAAAGACCTGAACTACTGTGGC; the pial layer was peeled away, the tissue was treated with Trypsin Jag2 3Ј, GAAAAAGCATTAAGGCACGG; mCBF1: CBF1 5Ј, CAGAGCC and triturated into a single-cell suspension using fine bore Pasteur AGGGCCGAGGCC; CBF1 3Ј, GTCAGTTTCAGTCCCAGCA; mHES1; pipettes. The suspension was layered unto a discontinuous Percoll HES1 5Ј, 5Ј-CAGCCAGTGTCAACACGACAC-3Ј; HES1 3Ј, 5Ј-TCGTT gradient and separated by centrifugation. The small cell fraction CATGCACTCGCTGAAG-3Ј; or mHES5: HES5 5Ј, 5Ј-CGCATCAAC was isolated, and granule cells were further enriched by panning on AGCAGCATAGAG-3Ј; HES5 3Ј, 5Ј-TGGAAGTGGTAAAGCAGCTTC-3Ј. tissue culture treated plastic dishes. The resulting cultures routinely The cycling parameters used were as follows: 95ЊC for 30 s, 60ЊC contain greater than 95% of cells of the granule cell lineage (Hatten, 30 s, and 72ЊC for 1 min for 25 cycles. Primers specific for mGAPDH 1985) but harbor a mixture of mitotic GNPs and postmitotic granule (GAPDH 5Ј, TGGTCTACATGTTCCAGTATG; GAPDH 3Ј, TCCACC neurons. Serum-free medium was used for thymidine incorporation ACCCTGTTGCTGTA) or mHPRT (HPRT 5Ј, CTGCTTTCCGGAGC and RT-PCR experiments (Neurobasal medium supplemented with GGTAGC; HPRT 3Ј, CAACTTGCGCTCATCTTAGG) were used as a B27 supplement and 50 U/ml penicillin-streptomycin). For thymidine control for equal loading of first-strand cDNA. For quantitative PCR, incorporation assays, 150,000 cells were added per well of a 96-1 l of 32 P dATP was added to each reaction. PCR products were well microtiter plate and were incubated in the presence or absence run on a native polyacrylamide gel electrophoresis gel, which was of the indicated amounts of Jagged1 or Shh for 50 hr. Thymidine then dried and exposed to film. was then added, and the cells were harvested 12 hr later to measure incorporation. For RT-PCR experiments, ten million granule cells In Situ Hybridization were plated in uncoated four-well Lab-Tek glass chambers in the Hybridization and detection were performed as described (Schaerenpresence of 20 nM Jagged1 or 100 nM ShhN. After 18 hr, RNA was Wiemers and Gerfin-Moser, 1993) on fresh frozen saggital sections isolated for analysis by RT-PCR. fixed for 30 min in 4% paraformaldehyde and infused with 30% sucrose before cryosectioning at 15 m. Probes were prepared from portions of the Notch2 ICD cDNA. No staining was detected with a Infection of Primary Cerebellar Granule Cells In Vitro sense probe after a prolonged incubation period.
Retroviral infection of postnatal granule cell cultures was performed essentially as described (Tomoda et al., 1999). In brief, dissociated granule cells purified from P6 C57BL/6J mice were plated at high Construction of Retroviral Vectors, Expression Vectors, and HES1 Reporter Construct density (1 ϫ 10 6 cell/well) in an uncoated 16-well Lab-Tek glass chamber (Nunc, Naperville, IL) and infected with recombinant retrovThe portion of the mNotch2 cDNA encoding amino acids 1706-2470 of full-length mNotch2 corresponding to the ICD was isolated from iruses overnight. After 18 hr, the culture was gently resuspended, replated in Lab-Tek slides coated with poly-L-lysine and Matrigel, a random primed mouse brain cDNA library (Clontech, Palo Alto, CA). Sequence analysis of this clone showed that it was identical cultured for an additional 18 hr to allow for GNP differentiation and neurite extension, and then fixed and processed for AP-or GFPto that which was previously published. The mHES1 cDNA was amplified from P6 granule cell RNA using the following primers: marker gene expression. The amount of virus titer routinely used for these studies yielded a 1% rate of infection. HES1 ATG, AAAGAATTCATGCCAGCTGATATAATGGAG, and HES1
